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THE EFFECT OF COMPRESSIBILITY ON EIGHT FULL-SCALE PROPELLERS
OPERATING IN THE TAKE-OFF AND CLIMBING RANGE

By Davip BieruvaNN and Epwmnv P. HarTvax

SUMMARY

Tests were made of eighi full-scale propellers of different
shape af various tip speeds up ifo about 1,000 feet per
second. The range of blade-angle settings inrestigated was
from 10° to 80° at the 0.76 radius.

The results indicate that o loss in propulsire efficiency
oecurred at tip speeds from 0.6 to 0.7 the velocity of sound
for the take-off and climbing conditions. As the tip speed
increased beyond these critical values, the loss rapidly
increased and amounted, in some insfances, to more than
20 percent of the thrust power for tip-speed ralues of 0.8
the speed of sound. In general, as the blade-angle setting
was increased, the loss started to occur at lower tip speeds.
The maximum loss for a given tip speed occurred at a
blade-angle setting of about 20° for the take-off and £5° for
the elimbing condition.

Although the loss at the take-off condition due to com-
preseibility was greater for the R. A. F. 6 section than for
the Clark Y, greater for blades of standard width than for
exfremely wide ones, and greater for a thick propeller than
for a thin one, the actual efficiencies at high {ip speeds were
found to be about the same because, in each case, the pro-
peller that had the greatest losses from increasing the tip
speed had the highest efficiency at low tip speeds.

The compressibility loss at the take-off for controllable
propellers was considerably reduced because of decreased
blade-angle operation mnecessitated by increased power
coefficients, but the rererse was true for fized-pitch pro-
pellers inasmuch as the higher power coefficients resulted
in reduced engine speeds.

A simplified method for correcting propellers for the
effect of compressibility i given in an appendiz.

INTRODUCTION

The first effects of the compressibility of air to influ-
ence the flight of airplanes are felt by the tips of pro-
peller blades, which ususlly operate at speeds approach-
ing that of sound. The results of experience and re-
search agree in showing that at sonic tip speeds the
effects of compressibility are very unfavorable. The
flying speeds of airplanes have only recently reached
values where the effects of compressibility on parts of
the airplane other than the propeller are of such magni-
tude as to warrant more than passing attention. The
serious effects of high tip speeds on the performance of
propellers have, however, been of great practical inter-

‘est for many years and considerable research has been

directed toward & better understanding of the phenom-
ena of compressibility as affecting propeller operation.
The principal methods of attacking the problem may be
classified as: (e) airfoil tests, (b) model-propeller tests,
end (¢) full-scale-propeller tests.

Airfoil tests are particularly valuable in the study of
compressibility because meny of the variables present
in propeller tests do not enter into airfoil tests and the
important compressibility effects are therefore more
easily isolated and revealed. Without them the com-
pressibility phenomena detected in propeller tests would
be difficult to understand or to explain.

An examination of references 1, 2, and 3 reveals a
marked chenge in airfoil characteristics with increasing
air speed. There appears to be a general tendency for
the slope of the lift curves and of the profile drag in the
usual propeller operating range to increase up to some
critical value of ¥/V7, (ratio of air speed to the speed of
sound) corresponding to that at which the compressi-
bility burble occurs and at which the lift drops sharply
and the drag increases rapidly. The value of the speed
at which the compressibility burble occursis dependent
on the angle of attack and the thickness of the airfoil;
increasing either of these quantities causes the com-
pressibility burble to occur at lower speeds, sometimes
as low as 0.4 or 0.5 the speed of sound. The com-
pressibility burble is attributed to the formation of a
shock wave caused when the flow over the surface
exceeds the local velocity of sound. (See reference 4.}
A large part of the kinetic energy in the flow is converted
into heat when the particles of air pass through the
shock region, which results in an increased drag of the
airfoil. Also, the reduction in velocity and the con-
sequent increase in pressure behind the shock wave
result in reduced lift.

The influence of compressibility on the character-
istics of model propellers has been observed in many
British tests (reference 5). The results of propeller
tests agreed qualitatively with the results of airfoil
tests in that the power and the thrust increased with tip
speed up to a critical value beyond which the thrust
and the efficiency dropped.

There is some reason to believe that the propeller
characteristics should depend on Reynolds Number as
well as on tip speed; however, tests of propellers of
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different blade width (reference 6) show only & slight

Reynolds Number effect, and British flight tests, which
were made to check model tests (reference 7), indicate

no serious scale effect at the peak-efficiency condition.
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FIGURE 1.—The propeller test set-up with radial engine nacelle.

Wind-tunnel tests have been made by theN. A.C, A. of
a series of full-scale propellers having different thickness
ratios and different airfoil sections (reference §). For
the low blade-angle settings investigated (6.8°, 9.6°,
and 10°) there was discovered little or no loss in effi-
ciency below a tip speed of about 1,000 feet per second,
even in the low V/nD range. In view of the results
from later tests of the same airfoil sections (reference
2), it would appear that compressibility effects of
appreciable magnitude should be noticed for higher
blade angles in the low V/nD range corresponding to
the take-off and climbing conditions of flight.

The tests reported berein were instituted to deter-
mine the compressibility effect on full-scale propellers
operating at blade angles corresponding to those used
in present-day aircraft when set for the take-off and
climbing conditions. The blade-angle settings investi-
gated ranged from 10° to 30° in 5° increments. Owing
to the limiting tunnel speed of about 115 miles per
bour, the upper V/nD range could not be obtained for
the higher tip-speed runs; however, the V/nD range
corresponding to the take-off and climbing conditions
of flight was covered. The. tip-speed range extended
from about 600 feet per second to more than 1,000 feet
per second for one propeller.
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Four of the propellers tested have Clark Y blade soc-
tions and four have R. A. F. 6 sections. Of tho Clark Y
propellers, three are of a series having variations in
thickness ratio. Among the R. A. F. 8 propellers thoere
are variations in blade width and plan form.

FreuRE 2—The test set-up showing Hquid-cooled engine nucelle.

These compressibility tests were run from time to
time as a part of a propeller program involving a
number of subjeets. During this period of time, the
body that covered the engine was changed from a radial
engine nacelle to a liquid-cooled engine nacelle. Several
of the propellers wero tested in conjunction with the
radial engine nacelle and some with the liquid-cooled
engine nacelle; a few propellers were tested in conjunc-
tion with both.

The series of tests reported herein, although not
complete nor entirely conclusive, covers a very im-
portant field. Research on the problem of com-
pressibility should be continued to investigate further
such effects as may be caused by changes in blade
section, thickness, and width and should be extended to
higher values of tip speed, especially for the upper
ranges of blade angles. -

APPARATUS AND METHODS

Thﬁ tests were madse in the propeller-research tunnel,
a description of which is given in reference 9. The
power to operate the test propellers was supplied by 2
600-horsepower Curtiss Conqueror engine geared 7:5.
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The engme was boosted to 800 horsepower, when more
power was required, by a mofor-driven Roots blower
located on the floor of the test chamber.

The dynamometer used for mesasuring torque is of
the cradle type with the axis of rotation on one side of
the engine. The forque reaction was carried through
o vertical compression post to a mechanical balance on
the floor of the test chamber. The engine cowling was
supported on the fixed portion of the supporting frams.

The radial engine cowling (Bg. 1) used for the first
series of tests is 52 inches in maximum diameter and
126 inches in length. The liquid-cooled engine nacelle
(fig. 2) is oval in cross section, 43 inches in height,
38 inches in width, and 126 inches in length.

Eight propellers having a range of diameters from
9% feet to 11 feet were tested. The distinguishing
features of these propellers are shown in figure 3.
Blade-form curves are given in figures 4, 5, and 6.
The symbols used in these figures are defined as:
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D, diameter.

R, radius to the tip.
r, station radius.

b, section chord.

k, seetion thickness.
p, geometric pitch.

All the propellers have two blades. Section ordi-
nates are given in figure 7. The principal dimensions
of the propellers are given in the following table.

Dfam- ¥ i -
eter at —at D
Propeller a Section D b
o WrsR | o5k | ShePe
10-0 | Clark Y (mew).| 0.06L 0.090 | Round.
106 | R.AF.6.___| .06L 090 Do.
-6 | Clark Y (old}_ .053 .08 Do.
-6 do. .| .053 -0% Do.
9-8 |.....do_._._.__.| .08 .10 Deo.
110 | R.A.F 6..__. -083 . 080 Do,
130 [.._.do_ ....._.|] .0% .067 | Puinted.
10-¢ [ [ (S .02 .00¢ { Round.

4579

4371

195 37-3647

F1avrE 3.—Propeller blades tested
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The method adopted in making these tests consisted | propeller minus the body and interference drag, and
in setting the engine speed at a given value and in- | tunnel air speed. The drag of the body was measured
creasing the tunnel air speed progressively up to the | in a separate test with the propeller removed.
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FIGURE 5.—Blade-form curves for propellers 4877, 4878, and 4879, p N
where the effective thrust is the measured thirust plus
maximum value of about 115 miles per hour. The | the body drag with no propeller or, in other words,
principal measurements recorded include: engine | the propeller shaft tension minus the inerement of
torque, propeller rotational speed, thrust of the | body drag due to the slipstream.
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D, propeller diameter, ft.

n, propeller rotational speed, r. p. s.

The foregoing coefficients were plotted against the
coefficient 1/nD and a smooth curve was drawn
through the thrust and power points. The efficiency
curve was adjusted to correspond to the thrust and
power curves as well as to the calculated efficiency
points. A typical plot is shown in figure 8.
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F1aTrE 8.—Typlcal test resudts showing normal scatter of pofnts. Propeller 5868-R$;
diameter, 10 ft.; propeller set 15° at 0.75R; propeller speed, 1,200 r. p. m.; liquid-
cooled engine nacelle.

In order to show the effect of different tip speeds on
the propeller characteristics for particular values of
VinD, plots are given of relative efficiency, relative
thrust, and relative power against the ratio of the tip
speed to the speed of sound, 77/1.. Only two types
of such plots are given: one represents the take-off
condition of a landplane arbitrarily taken at a V/nD
value of 0.30 times the V/nD for peak efficiency; and
the other, the climbing condition taken at & V/nD
value of 0.65 times the V/nD for peak efficiency. The
reference point used in computing the relative values
of efficiency, thrust, and power was V//V,.=0.5. Thus

; ?7__, o »and & Cr represent the ratios
. T, ., P, o
-‘L‘--o.s) v -o.s) 11.—‘ —0.5)

of the propeller characteristics with respect to those at a
tip-speed ratio of V*/V.=0.5. The tip-speed velocity
¥ is the tangential component of the actual tip speed
and is defined by the relation 1"=xnD. The forward
component of the tip speed, which increases with
VinD, was small enough to be neglected in the present
tests.

The test results are given in three groups: The first
group (figs. 9 to 385) covers the work done with the

radial engine cowled nacelle. The second group (figs.
36 to 46) covers the results with the liquid-cooled
engine nacelle. The third group (figs. 47 to 53) com-
prises comparisons and examples derived from the first
two groups. The test results have been tabulated in
six tablesand are available on request from the Nationsl
Advisory Committee for Aeronautics.

Inasmuch as the temperature of the air determines
the velocity of sound, the following table of tempera-
tures is included.

Radisl engine nacelle
Liquid-cooled engine ‘harged
nacelle cludi.’gtg all prope%:r
speeds, except those Supercharged
noted under “Super-
cherged’™)
Pro-
Blade |TeR" Blade [T Blade | peller | Te0~
Propeller | angle m Propeller | angle peturr:- Propeller | angle m
@zl | eF.) @)} o) (@eg) | - P- 1 oF)
15 8 16 66 20 [1,725; 65
BS6S-RO-N 20 | 80 | pgueg 1] 20} 65 [ oo a5 s | 7
873647 16 -3 - 25 84 “=1] 26 [ L6800 71
- 20 'rg n 64 30 {1,300; 70
| 3| k| & 5| 2
0| 2o [seere 53| 8 | seerel) 211ER| G
= 2|2 2 ia 5
1, ki
- 0 | & |87 2 | 150 6
----- 35 | 61 |0 15 [ 10800} 75
0| @ |1 2 |rem! 6
=== % 81
105 20 76

The speed of sound in air is given by the following

formulas:
Ve=1,120+/T%/288
=1,120/T7/5184
where

T¢ is absolute temperature, °C.
Ty, absolute temperature, °F.

DISCUSSION

An examination of the results from airfoil tests at
high speeds,such as are given in reference 2,leads to the
following conclusions regarding what should be expected
from propeller tests:

(¢) The thrust and power coefficients should in-
crease with tip speed in the range below the critical
tip speed (compressibility burble).

(5) There should be a loss of thrust and efficiency
and an increase in power after the tip speed exceeds
the critical value.

(¢) Since compressibility losses occur at lower speeds
as the angle of attack of the airfoil is increased, it
follows that, at low values of V/nD, losses should oceur
at fairly low tip speeds. The eritieal tip speed for a
given blade angle should increase as ¥/nD is increased.
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(d) The blade-angle setting of the propeller should
determine the 17/nD range wherein compressibility
losses occur for any given tip speed, because the section
angle of attack is determined by both the V/zD and the
blade-angle setting. For blade angles sufficiently low
that stalling never occurs (approximately 20° and less),
the greatest loss should occur at a zero value of V/nD.
For higher value of the blade angle, the normal stall
might be expected to delay the compresabxhty burble
so that losses from this source might, in general, be con-
fined to the V'/aD range below the stall. Under such
conditions the climbing condition of flight might suffer

L2
7 Bfade-angle sefting
.. /.0
(E-a.s) °§:£25° \\/Su
M~
\‘-‘ °
g 20
L2
xo
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12 S
xc ’250//5
t20"
L
Cr b %_é/
“lgea
8
g2 5 e _, .7 8 g
V/Ve

Fi6eRE 13.—Changes In propeller charscteristics dus to compressibility for the
takeof condition. Propeller 6868-9; diameter, 10 ft.; radial engine nacelle;

1% 1
»D om(i_p),ui eff.

more from compressibility than the take-off condition.

(¢} The Clark Y section has a higher critical speed
than the R. A. F. 6 section and propellers of Clark Y
section should therefore be less affected by compressi-
bility in the normal operating range; likewise, thin pro-
pellers should be less affected than thick ones.

A general survey of the results reveals qualitative
agreement between airfoil and full-scale-propeller re-
sults. There might be some question as to whether the
effects noted are entirely due to compressibility, since
blade deflection would result in somewhat the same
displacement of the curves. Some deflection measure-
ments that were made by a light-beam method showed
the blade torsional deflection to be negligible; it is there-
fore probable that the various effects noted are due to
compressibility.

EFFECTS AT SPEEDS BELOW THE CRITICAL

The tendency for the thrust and power coefficients,
et a given V/nD to increase with increasing tip speed
for speeds below the critical may be noted for nearly
all of the propellers. The increase is greatest at low
V/nD values and tends to diminish as V/aD is in-
creased. This effect is of some importance in the take-
off and climb of both fixed-pitch and controllable pro-
pellers. In the case of the fixed-pitch propeller, the
engine speed will be reduced by the higher power re-
quirements of the propeller and engine power will be

L2
7 10 Blade-angle sef'fqu
Yoy ool Gose T=/5°
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+20°
=0 s |
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Ficeex 14—Changes in propeller charscteristics dus to compressibflity for the
climbing condition. Propeller 5568-9; dismeter, 10 ft.; radisl engine nacelle;

1" v
nD-o'“(ﬁ) peek off.

lost proportionately to the drop in rotational speed.
The pitch of the controllable propeller must be reduced
to offset the added power required with the result that
the propulsive efficiency will be increased.

EFFECT AT SPEEDS ABOVE THE CRITICAL

At the tip speeds at which compressibility losses
occur at the tips, the tendency for the thrust coefficient
to continue to increase is reduced. After sufficient
blade area at the tips is operating beyond the compres-
sibility stall, there is a tendency for the thrust coefficient
to decrease with increasing tip speed and for the power
coefficient to rise disproportionately fast. A consistent
reduction in efficiency may be noted for all the propel-
lers after the tip speed has reached some critical value.
The amount of reduction can be seen to depend upon
a number of factors, such as tip speed, V/nD range,
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blade-angle setting, blade section, blade width, and
blade thickness.

Tip speed.—The tip speed at which compressibility
losses first appear varies quite widely, depending prin-
cipally on the V/nD range and the biade-angle setting,
which, of eourse, defines the angle of attack of the sec-
tions. In the take-off range of V/nD, it may be noted
that compressibility losses first become evident at from
0.5 to 0.7 the speed of sound for the different propellers.
(See figs. 13, 20, 26, 30, etc.) The blade-angle setting
evidently has little effect in this range as no definite
trends are evident except, perhaps, in the case of pro-
peller 5868-R6 (fig. 20), which shows the results for a
wider range of blade-angle settings than the other
propellers.
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FI16CRE %).—Changes in propeller characteristies due to compressfbility for the
take-off condition. Propeller 5688-RS; diameter, 10 ft.; radial engine nacelle;
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In the climbing range of ¥/nD, compressibility losses
first appear at tip-speed values of from 0.6 to 0.75 the
speed of sound for most propellers. (See figs. 14, 21,
27, 81, ete.} In general, as the pitch is increased, the
losses oceur at lower tip speeds. (See, in particular,
figs. 14 and 27.)

Blade-angle sefting.—The magnitude of the compres-
sibility loss is largely determined by the blade-angle
setting for any given tip speed and V/nD range. In
the take-off range, the Indications are that the greatest
loss oceurs at blade-angle settings of about 20°. (See

figs. 13, 20, and 26.) At tip speeds of 0.8V, the maxi-
mum indicated losses amount to from 10 to 25 percent
of the thrust power, depending upon the propeller.
Extrapolation of some of the curves to tip speeds of
0.9V, indicates that the maximum loss might amount
to as much as 40 percent.

In the climbing range, the greatest loss evidently
occurs at a blade-angle setting of about 25°. Since the
engine power was limited, it was not possible to reach
very high tip speeds for these settings. The 9}%-foot
propeller (4879) afforded the best opportunity to study
the effects. A tip speed of nearly 0.8V, was reached
for the 25° setting and, from this test (fig. 27}, the fore-
going statement is best substantiated. The maximum
loss in efficiency for this condition appears to be of the
order of 10 percent at tip speeds of 0.8V".
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Fisuex 21.—Chsnges in propeller characteristics due to compressibility for the
climbing condition. Propeller 5568-R6; diameter, 10 ft.; radial engine nacelle;

v L
ﬁ"“”(ﬁ pask off,

Blade section.—Of the eight propellers tested, four
have Clark Y sections and four have R. A. F. 6 sections.
Only two of these can be directly compared for the
effect of section, however, because the rest also differ
in other respects. In figure 47 a comparison is made
between the two propellers 5868-9 and 5868-R6 on
the basis of the relative take-off and climbing effi-
clencies. It may be noted that, for any given tip speed,
the losses for the Clark Y propeller are, in genersal,
only about one-third to one-half as much as for the
R. A. F. 6 propeller. The actual efficiencies in the
take-off and climbing ranges are, however, about equal
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FIGURE 24.—Propeller set 25° at 0.7T8R.
FIgURES 22 to 25.—Effect of compressibility on propeller characteristics.” Propeller 4879; diameter, 91¢ ft.; radial engine nacelle.

FIGURE 25 —TPropeller sat 30° at 0.78R.
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at high tip speeds, inasmuch as the efficiency at low
tip speeds for the R. A. F. 6 propeller is greater than
that for the Clark Y propeller in these ranges. (See
figs. 9, 10, 16, and 17.)

A plausible explanation for the greater compressi-
bility effect on the R. A. F. 6 propeller seems to lie in
the differences of the radii of curvature of the front
upper surfaces of the sections. (See fig. 7.) The
R. A. F. 6 section has the lesser radius of curvature,
hence the induced velocities are probably greater.
The compressibility burble should therefore occur
earlier for the R. A. F. 6 section.

te
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FiGceE 26,—Changes in propeller characteristics due to compressibility for the
take-off condition. Propeller 4579; diameter, 914 fI.; radial engine nacelle;

1 Vv
D om(ﬁ),.u off.

Blade shape.—In figure 48 is shown & comparison of
three propellers having different blade shapes. The
main difference is the tip shape, as can be seen from
figure 3, although there are also differences in thickness.
With the exception of the take-off comparison at a
blade-angle setting of 20°, the results from the three
propellers are almost identical.

Blade width.—Propeller 37-3647 is 50 percent wider
than propeller 5868-R6, but otherwise the two propel-
lers are identical. Since the thickness ratio is the same,
the actual thickness of propeller 37-3647 is likewise 50
percent greater than that of propeller 5868-R6. The
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shank portions of the blades, however, are nearly
identical. A comparison of the results from these
propellers (fig. 49) indicates that the compressibility
loss for the wider blade is only about half that for the
one of standard width in the take-off range. The
differences are more obscure for the climbing condition.
The actual efficiencies become nearly equal at high
tip speeds, however, since the standard-width blade
has a higher efficiency at low tip speeds. (See figs. 36,
37, 40, and 41.)

Just why the differences in Reynolds Number of the
two sets of tests should account for the differences
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Ficure 27.—Changes in propeller charaoteristics due to compressibility for the
climbing conditlon. Propeller 4579; diameter, 914 ft.; radial engine nacelle;

2505535 yuu .

noted is not clear. The wider blade produces a greater
inflow velocity and, econsequently, is working at a
lower angle of attack than the standard-width one.
The inflow angle could hardly be increased, however,
by the amount necessary to make the difference shown
at the take-off condition, equivalent to a 5° change in
blade-angle setting, because the 15° curve of the
standard-width blade coincides with the 20° curve of
the wider blade. Computations based on the mo-
mentum theory, however, do indicate an inflow angle
greater by 0.75° owing to the increased blade width,
for one condition investigated.
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F1GURE 31.—Changes in propeller oharacteristics due to compressibility for the
Propeller 4371; diameter, 11 ft.; radial engine nacelle;
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Blade thickness.—Propellers 4877, 4878, and 4879
constitute a series differing only in thickness; they were
built for the tip-speed experimenis reported in refer-
ence 8. The tests reported herein were made at only
one blade-angle setting, 20°; the results are given in
figures 44, 45, and 46. Comparisons of the results from
the three propellers are given in figures 50 and 51.
During the tests it was noticed that the thinnest pro-
peller (4877) fluttered violently at low air speeds, pro-
ducing a very penetrating noise similar to that associ-
ated with supersonic tip speeds. The results very
distinctly show the effect of flutter. In order to avoid
confusing flutter effects with compressibility effects,
the flutter effects will later be discussed as a separate
topic.

If the results from propeller 4877 be neglected for the
take-off condition on account of flutter, it appears that
the thickest propeller (4879) is affected more by com-
pressibility than the medium thick one; in fact, no loss
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FIGURE 54—Cross-faired thrust-coeficlent curves. Propeller 4879; dlameter, 914
ft.; radial engine nacelle; propeller speed, 1,200 r. p. m.; tip speed, 507 {. p. 5.

is evident for propeller 4878. It happens that the low
tip-speed efficiency of the thick propeller (4879) is higher
than that for propeller 4878, so their efficiencies at high
tip speeds become nearly equal. (See figs. 45 and 46.)
The results for the climbing condition are nearly identi-
cal for all three propellers.

Flutter—The study of flutter does not come within
the scope of this investigation. Flutter did exist,
however, in some instences and the results were con-
siderably affected thereby. As previously mentioned,
propeller 4877 fluttered violently when operating at low
air speeds. It may be noted from figure 44 that the
power and the thrust were hoth increased by perhaps
10 or 20 percent, judging by the shape of the curves.
There is no way of isolating compressibility and flutter
effects except by assuming that breaks should not oceur
in the curves if flutter effects are absent. It is quite
likely that most of the loss in efficiency observed in
figure 50 is due to flutter, amounting to about 18 per-
cent for tip speeds of 0.8V..
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An attempt was made to measure the amplitude of
blade-torsional vibration of this propeller by the
method of measuring blade deflection previously men-
tioned. The tests indicate that the blade at 0.75
radius was vibrating in torsion through an amplitude
of between 1° and 2° when the propeller was turning at
1,600 r. p. m. The amplitude of the tip-section vibra-
tion was probably much greater.

EXAMPLES SHOWING THE EFFECT OF COMPRESSIBILITY ON THE

TAKE-OFF AND CLIMBING THRUST OF CONTROLLABLE AND FIXED-
PITCH PROPELLERS

Were it not for the faot that compressibility influ-~
ences both the power absorption and the efliciency
characteristics of propellers, it would be fairly easy to
correct take-off and climbing computations for differ-
ences in tip speeds between propeller-test and airplane-
operating conditions. The increased power coeflicients
associated with high tip speeds will necessitate lower
blade-angle operation for controllable propellers and
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FioURE 55.—Cross-falred power-coefficlent curves. Propeller 487%; dlameter, 913
ft.; radial engine nacelle; propeller speed, 1,200 r. p. m.; tip speed, 597 L p. 8.

the efficiency will be thereby increased ; whereas, for the
fixed-pitch propeller, the engine speed will be reduced
for a given air speed, which affects both the brake
horsepower and the propulsive efficiency. Specific
examples have been worked out for both types of pro-
peller (figs. 52 and 53) using data from propeller 4379
(radial engine nacelle). These data, which are cross-
faired in figures 54 to 57, were used because a greater
range of blade-angle settings and tip speeds was
covered than with any other propeller.

Confrollable propeller.—The example of the con-
trollable propeller (see fig. 52) is based on a 690-
horsepower engine turning a propeller at a speed of
1,500 r. p. m. The airplane speed is 224 miles per hour.
Thrust curves at the take-off and climbing conditions
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are computed from data for tip speeds of 597 and 895
feet per second.

These computations show, for this example, 2 loss of
5 or 6 percent in take-off thrust due to high tip speeds
and show a slight gain at the climbing condition. This
loss appears rather insignificant as compared with the
12 or 13 percent loss indicated in figure 26. Another
factor, however, enters to explain the difference. The
blade angle must be decreased about 2° on account of
the higher power coefficients for the tip speed of 895
feet per second, with the result that the efficiency is
increased and the over-all loss is thereby reduced.

In order to separate the actual loss due to compressi-
bility from the effects due to changing the blade angle,
a fictitious propeller was assumed that could have the
blade width changed in order to maintain the power
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Ficrrx 56.—Cross-faired thrust-coefficient curves. Propeller 4879; diameter, 934
ft.; radial engine nacelle; propeller speed, 1,800 r. p. m.; tip speed, 895 1. p. s.

coefficient constant at the same blade angles as for the
low tip-speed computation. The thrust is proportion-
ately corrected for the change in blade width. This
computation indicates a loss due to compressibility of
from 10 to 18 percent in the take-off range. The curve
showing the gain due to operating at lower blade angles
is taken as the difference between the loss due to
compressibility and the net loss.

Fizxed-pitch propeller—The example of the fixed-
piteh propeller was worked out for different conditions
from the previous example because a design blade-angle
setting of 20° was desired. A 285-horsepower engine
turning the propeller at 2,000 r. p. m. and & high speed
of 166 miles per hour were assumed.

A total loss of about 13 percent is indicated (fig. 53)
for the take-off condition and about 4 percent for the
climb. A small part of this loss is due to the lowered
engine speed brought about by the higher power
coefficients of the data for 895 feet per second. A re-
duction in engine speed reduces the brake horsepower,

139778—30——385

but the propulsive efficiency is increased for a given
air speed owing to the higher operating V/nD. The
net loss due to lowered engine speed is small for this
example but would have been more had the slope of the
take-off thrust curves been sfeeper.

This example does not give a true picture of the com-
pressibility effects for a particular case because the tip
speed was assumed to remain constant even though the
propeller speed decreased. The example does give a
true picture of the effects of compressibility at any par-
ticular air speed if it is assumed that the tip speed is
895 feet per second.

A METHOD OF CORRECTING PROPELLERS FOR THE EFFECT OF
COMPRESSIBILITY

A simplified method for correcting propellers for the
effect of compressibility is given in the appendix of this
report. The method is based on generalized correction
factors that were derived from data presented in the
report. The use of the correction factors makes it
possible to correct, in a few minutes, the thrust of
similar propellers for the effect of compressibility.
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CONCLUDING REMARKS

The results of the tests indicate the following con-
clusions regarding the effect of tip speed:

1. Losses in propulsive efficiency due to compressi-
bility became evident at from 0.5 to 0.7 the velocity of
sound for the take-off and climbing conditions of flight,
depending upon the propeller shape and the blade-
angle setting. As the tip speed increased beyond these
values the loss increased rapidly, amounting to more
then 20 percent of the thrust power in some instences
for tip-speed values of 0.8 the speed of sound.
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2. The loss for the take-off condition increased with
blade-angle setting up to & value of about 20° for a
given tip-speed value. At higher blade angles the loss
diminished.

3. The loss for the chmbmg condltlon Increased with
blade-angle setting for a given tip speed up to a value
of about 25° beyond which it decreased. Also, the
losses appeared at lower tip speeds as the blade angle
was increased.

4, Compressibility affected the propeller of R. A. F. 6
section to & greater extent than it did the propeller of
Clark Y section; but, since the R. A. F. 6 propeller had a
hxgher take-off efﬁmency at low tip speeds, the eﬂiclen-
cies nearly equalized at high tip speeds.

5. Compressibility affected standard-width blades to
a greater extent than it did extremely wide blades for
the take-off condition; but, since the standard-width
blades had a higher efficiency at low tip speeds, the
efficiencies nearly equalized at high tip speeds. The
standard-width blades had an even higher efficiency at
high tip speeds for the climbing condition.

6. The loss for the take-off condition due to com-
pressibility was greater for a thick propeller than for a
thin one; but, since the thick propeller had a higher
efficiency at low tip speeds, the efficiency nearly equal-
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ized at high tip speeds. The effect of thickness was
negligible for the climbing condition.

7. There was a marked tendency for the thrust and
power coefficients to increase with tip speed, oven before
any loss in the efficiency was detected.

8. The loss in efficiency for controllable propellers
due to compressibility was partly regained by the lower
blade-angle operation necessitated by the higher power
coefficients.

9. The loss in efficiency for fixed-pitch propellers due
to compressibility was further increased by a loss in
engine speed end power caused by the higher power
coefficients.

10._Comparisons of propellers having different blade
sections, blade widths, and blade thicknesses, made on
the basis of datafor propellers operating at low tip
speeds, are likely to be misleading, inasmuch as. com-
pressibility effects appreciably modify and, in many
cases, tend to equalize any differences noted at the low
V/nD range of operation.

LAXGLEY MEMORIAL AERONAUTICAL LLABORATORY,
Natronan Apvisory COMMITTEE FOR ALRONAUTICS,
Laxerey Frewp, Va., May 18, 1938,
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APPENDIX

A METHOD OF CORRECTING PROPELLER CHARAC-
TERISTICS FOR THE EFFECT OF COMPRESSIBILITY
AT TIP SPEEDS BELOW 0.9 THE SPEED OF SOUND

The material presented in the body of the present
report is not in a form convenient to use in correcting
low-tip-speed propeller characteristics for compressi-
bility effects encountered when operating at high tip
speeds. The data are given in a basic form and addi-
tional curves are included to show certain trends. In
order to make practical use of the material, it is neces-
sary to devise a method whereby the characteristics of
any propeller can be readily corrected for compressi-
bility effects with reasonable certainty.

A number of factors associated with the problem
make it extremely difficult, if not impossible, to devise
any set of formulas or curves by which the character-
isties of any propeller may be corrected. Differences in
blade section, width, thickness, plan form, end pitch
distribution account for differences in compressibility
effects, so it is considered advisable to confine the cor-
rection factors to specific propellers, at least for the
present. Vhen sufficient data are accumulated, it may
be possible to formulate a more generalized method
that can be applied to eny propeller, regardless of
shape.

The present method of correcting propeller charac-
teristics for compressibility effects is based on correction
factors applied to the thrust and torque coefficients of
either fixed-pitch or controllable propellers. The cor-
rection factors are presented in curve form for several
propellers in figures 58 to 61. It is pointed out in the
present report and elsewhere that the angle of attack
of a blade element, or the lift coefficient, is a major
parameter determining the magnitude of compressi-
bility effects. Neither the angle of attack nor the lift
coefficient can be readily determined for propellers but,
inasmuch as the thrust coefficient of the propeller is
closely related to the lift coefficients of the sections, the
thrust coefficient is considered to be & good substi-
tute. Through the use of the thrust coefficient as a
correction parameter, the blade angle and V/aD are dis-
pensed with so that the method is generalized to the
extent that it ean be applied to any blade-angle setting
with reasonable accuracy.

The use of the thrust coefficient as a correction param-
eter has other advantages. Propellers having different

numbers of blades may be corrected without additional
considerations because the thrust coefficient at the stall
is nearly proportional to the number of blades.

The normal stall of a propeller is readily apparent;
the thrust-coefficient curves break in much the same
manner as do liftcoefficient curves for sirfoils. The
flow over the airfoll sections changes; the peak of the
negative pressures is eliminated and the corresponding
induced velocities are materially reduced with the
result that the effect of compressibility is greatly modi-
fied and uncertain. For this reason, the propeller cor-
rection factor used for the unstalled portion of the oper-
ating range should not be used for the stalled portion.
The use of the thrust coefficient as a correction param-
eter draws attention to the operating range.

The correction factors given in figures 58 to 61 are in
the form of ratios of Cr, C»s, and 7 at high tip speeds to
thoss at low tip speeds (taken at approximately 0.5 the
speed of sound). Individual curves are given for con-
stant values of Cr/Cre uay. These correction curves
were obtained by plotting the data given in the body of
the report and cross-fairing the resulting curves. It
may be noted that the curves have been extrapolated
from approximately 0.8 or 0.85 to 0.9 the speed of sound,
in order to make the method more useful ; consequently,
these portions of the curves may be subject to some

erTor.
USE OF THE CORRECTION FACTORS

Controllable propellers.—The power coefficient for
operation is determined by the air density, the engine
power, the propeller diameter, and the rotational speed.
In view of the fact that the power coefficient increases
with tip speed, it is necessary first to determine the
values corresponding to the low-speed data because
from these date the blade angles and the thrust are
determined. Thess values are determined by dividing
the design power coefficient by the ratios of the high-
tip-speed to low-lip-speed power coefficients correspond-
ing to the appropriate values of thrust coefficient and
then by reading the blade angles and low-tip-speed
thrust coefficients from the propeller curves. It is
then necessary only to correct the coefficients for the
effect of compressibility by the use of the factors to
establish the operating values.
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Several examples have been worked to illustrate the
process and, at the same fime, to show the magnitude
of the compressibility effects for typical airplane instal-
lations. Example 1 is a check upon the method for
controllable propellers presented in the body of the
report. The computations are given In table I (a)
and the fine]l curves are shown in figure 62. The fol-
lowing series of operations is completed after the propel-
ler has been designed or selected in the usual manner.
(See table I (a).)

1. In column i, values of V/nD are assumed.

2. The blade angle B, is read from the power-
coefficient curves at low tip speeds (fig. 55) correspond-
ing to the design (5, of 0.0542.

3. The thrust coefficient Cr, is read from figure 54
for different values of 8,.

4. Or[Cry, 1y 15 computed from the values given

in column 3. The value of Cr at the stall is taken
as 0.086. A high degree of accuracy is not neces-
sary because the results are not used directly in the
computations.

5. Power correction factors are rea.d from figure 60
for values of Cr,/Cr,, 0y, Biven in columm 4 and for a
value of V/V, of 0.8.

6. The design power coefficient, Cp, =0.0542, is

) C
divided by the ratio C,———-—P— given in column

()

5 in order to determine the corresponding power coeffi-
clent Cp, for the low-tip-speed data being used.

7. The blade angle B; corresponding to Cp, is read
from figure 55.

8. The thrust coefficient C, corresponding to B,
is read from figure 54.

At this stage of the correction the low-tip-speed data
are fitted to the design requirements of the engine and
propeller. It is now necessary to correct the thrust
data for the higher tip speed of operation, namely
0.8V..

Cr
U; 1s read
(V =i, 5) 2

&
from figure 60 for values of C—T—z—'-l—-—
.T(u staldy

9. The correction factor )
r

given in column

4 and 2 value of V'/V, of 0.8.

10. The corrected thrust coefficient Cr, is obtained
by multiplying Cr, by the ratio Cr,/Cr, given in column
9.

11. The corrected thrust is obtained by multiplying
Cr, by the constant pn2D*,

12. The air speed in miles per hour is obtained by

multiplying the V/aD given in column 1 by the constant
ND/88, where N is the propeller rotational speed in
T. p. m.

No computation is made for the correction of the
low-speed power coefficient Cp, because it is obvious
that multiplying Cs, by Cp,/Cr, results in Cp,, the design
power coefficient. It may be noted that the computa-
tions were carried through for the stalled portion of the
operating range even though the method strietly should
not be applied there. The error in this case is probably
small since there is no evidence from any of the data
that a sudden change in the effecis of compressibility
occurs at the stall.

From figure 62 it may be noted that the curve for
the thrust, corrected by means of the charts, checks the
thrust curve computed from the 895-feet-per-second
data only for the low-speed range. The disagreement
at the climbing part of the range is attributed to the
fact that the charts are derived by averaging all the
available data for this propeller; whereas the 895-feet-
per-second curve is determined essentially by the one
test at 20° blade angle, which was extrapolated for
VinD values higher than 0.7. Since the thrust curve
derived by the chart method is based on more test
points, it is considered to be the more accurate of the
two.

In example 2, a 3-blade 5868-9 propeller is selected
from the data given in reference 10 for a radial engine
nacelle, and the thrust is corrected by the present
method.

Given—
Engine_ - 1,000 horsepower.
Engine speed . ______.___ 2,375 r. p. m., sea-level operation,
Ajr speed- o« oo 283 m. p. h.

Selection of the propeller—Design A:
0.638Xm. p. h. 0.638X288

O ="Tp IR N —3.08x2235 203
From figure 18 of referencé 10,
v_
@—1'3
1=0.86
Then
88X m. p. h. 88283
D=""S% 3375515 000 it.
N ==
nD design

Tip speed at zero forward speed is 1,000 £. p. s.
Sound speed for standard conditions is 1,120 f. p. s.

%7=0.895

_h X550

o =0.1097
(Kesign) m
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Computation of thrust and correction for compressi-
bility effects:

Table I (b),identical in form to table I (a), is filled in,
using date taken from figure 10 of reference 10 and fig-
ure 58 of the present report. The corrected thrust and
blade angles are plotted in figure 62, along with the
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Any errors incidental to this extrapolation will have 2
negligible effect on the take-off run, provided that cor-
rect thrust values are obtained over the latter part of
the take-off run.

It should be pointed out that the propeller of design A
was selected from a C, chart derived from low-tip-speed
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FIGURE 63—Example 3 showing the uncorrected snd corrected thrust and blads angles for so

girplane equipped with propeller 5868-8 (controliable).
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FIoURR ¢4—Example 3 showing the uncorrected and corrected thrust and blade angles for an

airplane equipped with propeller 5868-R6 (controlisble).

uncorrected values obtained directly from the low-tip-
speed data. It may be noted that the thrust curve is
extrapolated to zero air speed, assuming that the effect
of compressibility decreases as the angle of attack of
the blade elements increases beyond the normal stall.

FIGURE 65.—Example 4 showing the uncorrecied and correctod
thrust and tip-speed ratios for an airplane equipped with propels
Jer 868068-9 (fixed piteh).

data; consequently, the design itself is slightly in error.
In the use of the C, chart mentioned, it is assumed that
the propeller will absorb the power under certain speei-
fied conditions. Actually, the propeller will absorb
more power at the tip speed of operation, so the blade
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angle is reduced to make up for the difference. This
result means that design A is a “compromise’” design,
because the diameter is slightly larger than it would
be if there were no compressibility effects. If if were
desired to eliminate the compromise feature, the design
engine power could be reduced to correspond to the
low-tip-speed data and the propeller could be selected
on that basis. The following computations indicate
the general procedure.
Selection of propeller—Design B:

Ce =1.13 for high speed
(;—-05)
1,000
hp.(dnfﬂ) 1. 13 =885
C,=2.08
-[-r
- =1.34
D=17.83 feet

Tip speed=972 {. p. s.
ViV,=0.867

"~ 550X1,000
X<2 375) X (7.83)°

The computation of thrust and correction for com-
pressibility effects are carried through in the same
manner as for design A. No teble is given but the
results are plotted in figure 63. The thrust for design
B is slightly less than for design A owing to the smaller
diameter, even though the compressibility correction
is less. No loss in high-speed thrust is evident for the
compromise design A. It appears from this example
that it is searcely worth while to select propellers on the
basis of corrected power unless the propeller diameter
is too large on account of other considerations.

In example 3, 2 3-blade 5868-R6 propeller is selected
for the same requirements as given in example 2. In
order to maintain the same tip speed as for design A, the
same diameter propeller was assumed, although this
size may not be the most efficient for high speed. Thrust
computations are given in table I (¢); the material is
taken from figure 9 of reference 11 and figure 59 of this
report. It happens that the test-body conditions were
different for the 5868-9 and the 5368-R6 propellers but
the body effects are small as compared with the com-
pressibility effects. The results of the computations
are given in figure 64. The loss in thrust due to com-

0.1263

CP(duiml)

541

pressibility for this example is quite startling, amounting
to about one-third of the uncorrected thrust at low tip
speeds. Examples 2 and 3 illustrate the importance of
compressibility when comparing propellers of different
section. The R. A.F. 6 section is superior to the Clark
Y section at low tip speeds buf at high tip speeds the
relative merits are reversed.

Fized-pitch propellers.—The method of correcting
fixed-pitch propellers is slightly more involved than for
controllable propellers because the tip-speed correction
changes with rotational speed. Unfortunately, each so
depends upon the other that, in order to obtain fairly
exact results, a series of approximations is necessary. In
the following examples the number of approximations
has been minimized as far as is consistent with the
importance of the corrections involved.

Example ¢ illustrates the method of correcting fixed-
pitch propellers used with unsupercharged engines.

Given:

Engine. . __________________ 600 horsepower.
Engine speed- . ________ 2,375 r. p. m., sea-level operation.
Airspeed_ o ____ 185 m. p. h.

Selection or design of propeller 5868-9 having three
blades to be used with a radial en.gme nacelle:

Design A:

Ci=1.47
From figure 13 (reference 10),
%—0 85
8=22.3°
Then D=8.07 {t.

C'»,=0.0653 (design value for high speed).
Tip speed=1,000 {. p. s.
'IT
Ve
Cr,=0.065 (design value for high speed).
C'r gt wan, =0-140.

=0.885.

Zr—c“" =0.185
T (at stall) ) ’
_0_

7 ()

This propeller will absorb 1.115X600 hp. or 670 hp.
at high speed. Either the diameter or the blade angle
must be reduced to absorb the specified 600 hp. Fol-
lowing the method of reducing the diameter, 2 new design

——===>538 hp.

=1.115 (from fig. 58).

is made using ———

600 . .
g T 115 This computation re-
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sults in the following characteristics:
C,=1.503

ﬁ%=0'9
D=1.62 ft.

g=0.847

Ce =1.085

(o)

In view of the change in the power correction factorin-
curred by the reduced diameter and tip speed, this
propeller will only absorb 538<1.086=585 hp. A third
approximation using the average of the first and second

values of - should result in approximately the

()

1. 115+1 086

correct answer; £1,100. The third ap-

proximation results in the following characteristics
designated “design B:

hp.——@-—545 (for design purpose).

C,=1.497

vV
nD

B=22.7°
D=17.88 ft.
Tip speed=978 1. p. s.

~—==0.87

174
V,=0'873

——Q—-ml 1 (check).

(v =0.5)

In table II the thrust is computed for design B
according to the following procedure:

1. In column 1, values of V/nD are assumed and, in
addition, the design value for high speed is included.

2. From figure 10 (reference 10), the low-tip-speed
power coefficients C», are read following the line for a
blade angle of 22.7°.

3. The corresponding thrust coefficient, Cr,, is also
read from figure 10 of reference 10.

4 The ratio N/N e is computed from the relation

[
N "/————P"‘" Reried;  gssuming that the torque

REPORT NO. 630—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

remains constant for small changes in rotational speed.
This condition is substantially true for unsupercharged

engines.
5. The ratio V/fV,is equal

L
8. The ratio r—2— is computed using
OT(az tiall)

Cr(“ stald) =0.140
Cr

(7imos)

values of V/V, and

O s is read from figure 58 for different
P
/Ty

CT(at statll)

8. C’—— is also read from figure 58.

)

9. Corrected values of power coeflicient Cp, are
computed, Cp, X Ce

10. Corrected values of thrust coefficient Cr, are
computed in a similar manner.

11. Corrected values of N/Nn.: are computed
using Cs,.

12. Values of V/Vme are computed from the rela-

(a0)"

tion V =
(nD )mal’Nma:

13. The air speed is computed from the relation
VIV mazy KDOWINE Vas.
14. The thrust is computed from the relation

I= Cr—%%‘ﬂ—MXK . where K=pn3D*.
3

If the method of reducing the blade angle is followed,
to offset the increase in power coeflicients from low to
high tip speed, design A is used directly but it is neces-
ary to determine the blade-angle reduction. The value

of Cp, is divided by @-—g—’——

7=08)
C», corresponding to the low-tip-speed data; 01016 f 53
0.0585. Unfortunately, this value is only the first
a,pprommatlon because the low-tip-speed thrust coeffi-
cient is likewise reduced, changing the value of

c G
o Lo %099 0 042, The value of i
T{at stall} ’

0.14 .
(vm0s)
then becomes 1.105. The second approximate value of

to determine the

power coefficient becomes (1”;—052==0.0592. This Cp, de-

fines the blade angle so the Cp, and Cr, can be read from
figure 10 (reference 10) for different values of V/nD.
The corrected thrust is then computed in the manner
outlined in table II. No table is included for design A
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computations but the thrust is given in figure 65 to-
gether with those for design B and the uncorrected
thrust.

It may be noted from figure 65 that little, if any,
loss in thrust due fo compressibility is evident for this
example. The explanation lies in the fact that the tip
speed drops to about 0.7 the speed of sound in the take-
off range owing to the decrease in engine speed. It
may be noted from figure 58 that & maximum of only
4 percent in efficiency is lost for this tip speed. It
appears from this example that computations for cor-
recting the thrust of fixed-pitch propellers may nof be
worth while in many instances. A preliminary estimate
of the tip speed in the take-off range together with a
reference to the correction factors would indicate the
importance of further computations. It probably is
desirable in any case fo make allowances in the design
of propellers for differences in the power coefficient for
test data from low and high tip speeds in order to
determine the diameter and the blade angle.
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TABLE I (a)
° EXAMPLE 1, CONTROLLABLE PROPELLER )
R 3 s 5 8 7 | 87 s 10 n 1 1
. [ I+ Cr, Cr Crny
84 for o _—F .1 1 for
KD CP,LO.M42 Cr, for il Cr v Cry Cry Cpy Cry for Cr v Cry Cry Tbll;us': gl‘:‘ei:d Ttemarks
" (deg) | | O ot e (17;"0-5) (deg.) #s (—;7_"05) ) |m.p.h.)
0 19.9 0.0870 1.0, .165 0.0465 18.5 0. 0860 0.003 0.0856 | 2,100 0
.1 2.2 . 0860 1.00 1,165 . 8.9 . 0850 . 085 L0845 | 2075 | 10.8 [}Blades stalled,
.2 2.7 . 0860 100 1.166 . 19.0 - 0845 .905 0840} 2,000 | .8
81 -7 0885 1.00 1.165 . 0465 19.0 L0820 .005 L8151} 2000 | 8.2
4 2.6 L0822 .96 1.160 L0467 | 187 . 0760 1. 000 000t L8 | 78
Gl W | ol e 113 b | o | loms 1058 06t | Lats | 1168
R e 10620 73 1120 0483 | 3 10555 1,060 o589 | 1445 | 136§ |)Dindesnotatallod
8] 223 - 0550 64 1180 0470 | aLs .0490 L% 0550 | 1,350 | 155.5
.9 23.3 . 0480 56 1.1%0 L0470 223 L0435 1130 c0403 | Tos | 7m0
1o | 32t {0450 & . i3 i) 025 1130 046 | Toos | mag
TABLE I (o) ~
EXAMPLE 2, CONTROLLABLE PROPELLER, DESIGN A B
1 2 3 4 5 [ 7 8 9 10 1t i2 i3
v | oA — e 8y tor C. o Zc%' Thrust | spot
— | Cpy=0.1087] Cr, for —|Cr Pl C 1 Pt | Cryfor g, |Cr Cr, rust | 4 Remark
%D | Gaeg) | . T (at etati (:,’ 0.5) " @) | (%-0.5) P ) P cmarks
. A }
0 225 | 0.1420 0
.1 22,5 L1417 21.8 |iBlndes
.2 2.0 | .10 2.6 | stalled,
.3 2.3 1406 1o 1240 | 0. 083¢ 20.5 | 0.1320 0.970 | 0-1280 | 2,003 | 68.2
o’ 2.5 | 1395 1.00 L1240 | .088¢ 2.8 | .18 90 | 1240 | 1,045 | 871
.5 2.0 | .1330 .96 1230 | .0892 218 | 1% 1.000 (190 | 1,8 108.8
.8 U5 | 120 ol L2 | .0000 222 | 1008 1020 16 | 1,750 | 130.5
7 253 | .1180 84 L1200 | oo 23.0 | .1010 1.080 070 | 168 | 1528 |lniades
8 26.1 | .10%0 18 1185 | .02 343 | [0e% 1,090 019 | 1 174.0 [{5AC
.9 27.3 . 1000 7L il | .07 285 | 0870 Lus | .omra | nez | 160 | Io%
1.0 8.0 | .0010 ) 1157 | 0048 27.0 | 0800 1135 | .0000 | 1,426 | 718.0 g
1.1 2.5 | .0840 .60 1146 | 0958 2.3 | .orio 1160 | 0882 | L3835 | 230.0
1.2 30.5 | .07 .56 1138 | .05 29.6 | .o60 1140 | .o7s6 | 1,381 | 201.0
1.3 320 | .07 .68 1130 | .87 3.0 | -osfo n1ss | .07 | L0 | 2|30
TABLE I (o) )
EXAMPLE 8, CONTROLLABLE PROPELLER
e - - . == =
1 2 3 4 5 8 7 8 9 10 11 12 13
C» CPI Q- CT‘
& for ) By for PR S
‘_V‘D cﬁ l’o'lm.’ crl. for Bt Cr q'l Cr v CP’ C'y, ’C’p, Cf’ for Cr 1 N Cr‘ Cﬁ Tagu)s ¢ FI‘::!‘erd Remarks
n (deg.) (etatall) (V;-O.G) (deg.} P (-7:-0.6) ¥ Jm.p.h)
0 2.6 0.1820 1.00 1.308 0.084 19.0 0.1730 0.76 0.1208 | 2,035 0 | Bladen stalled.
.1 22.6 L1810 .00 1.305 084 1.1 1640 .75 1230 | 1,928 | 2.8
.2 28 770 g 1.805 .084 19.2 L1530 76 1180 | 1,818 | 43.6
.3 23.9 .1680 .94 1.308 .08¢ 10.3 . 1400 e L1108 | 1,730 | 068
v 2.0 -1850 .88 1,308 2084 19.5 L1200 .88 1135 | 1,780 | 871
B 3.3 . 1405 .79 1. 308 . 084 0.1 L1170 .97 1138 | 1,780 | 108.8
.6 2.6 130 K 1.830 L0836 | 2L .10%0 1.08 .03 | 4730 b 105 Hpiidas not
7 246 .19 .68 1.855 L0810 | 2L . 0900 113 0% | e |o1saE [)°,A008
.8 2.4 1020 .81 1.360 0807 26 . 0820 120 .008¢ | L&0 | 1740 .
9 6.4 - 0990 .56 1.380 0813 | 241 .0760 L2 0032 | 1,460 | 196.0
L0 7.6 . 0010 .51 1330 .82 | 252 .0700 1.23 0862 | 1,350 | 2180
11 2.8 .0840 ar 1.810 0838 | 27.0 . 0640 LR L0791 ) L2400 | 239.0
12 30.8 L0770 .43 1.200 .85 | 288 .05%0 12 L0720 | L6 | 2800
13 a.g -0710 40 1276 .0881 30,0 - 0550 1.2¢ 0683 | 1,070 | 253.0 |




EFFECT OF COMPRESSIBILITY ON PROPELLERS IN TAEKE-OFF AND CLIMBING RANGE 545

TABLE II
EXAMPLE 4, FIXED-PITCH PROPELLER, DESIGN B
3 3 4 & 6 7 8 9 10 11 1 13 14 15
N Vv CT, Ce Cr N ki Alr
CP, Cf’ Nuer 1ol ‘C_— Cr v Cr i%d C"r' CT, Nuaz - speed .) Remarks
for CPI. ¢ T (et stell} .‘—,‘-0.5) (T,:-05 for CP; mez | (m.p.h) -

0.1120 | 0.1420 0. 780 0. 6850 Lol L.030 1020 0.1178 0.1448 0.796 0 ] L34
.1 L1105 | 1420 T80 . 680 Lol 1.050 L.020 . 1160 L1448 .302 092 17.1 1,330 |rBlades stalled.
.3 L1000 | .1410 . 790 .660 Lol 1,053 L.02¢ L1150 . 1438 .806 185 343 1,333
.3 .1065 | .1400 . 800 .668 1.00 1080 L1020 .1130 1427 .813 277 51.2 1,380
.4 L1040 § 1350 .309 .T08 .98 L1080 1025 L1100 . . .39 0.1 1,343
.8 .1000 | .1280 824 W19 4 1.060 1030 .1060 .1318 . -482 90.3 1,325 i Blades not
.6 .0940 ¢ .1130 . 850 742 .81 1.052 L40 .00 1175 -869 .59 1.0 1,270 stalled
7 L0660 | .0870 .80 JTT Nl L1065 1.050 0918 .1020 . 725 134.0 1,185 .
-] 0760 | .0780 .45 826 .56 1.085 1080 .0825 0842 g5z .875 182.0 1080
&l . 1.000 .83 48 L1100 1100 0747 . L0 1.000 185.0 L038




